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Recently, organic-inorganic lead halide perovskites have attracted enormous attention as photovoltaic materials [1] [2] [3] [4] due to their good electrical 5, 6 and optical properties, 7-10 as well as their solution processability. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Initial efforts were made by using organolead halide perovskites as sensitizers in dye sensitized solar cells (DSCs). 1 However, due to dissolution of the perovskite in the electrolyte, the performance degraded rapidly. 24 Subsequently, a power conversion efficiency (PCE) of 9.7% was reported for solid-state mesoscopic solar cells employing CH 3 NH 3 PbI 3. 25 In the initial solid state reports, the perovskite layers were deposited using a single-step deposition from a solvent. However, the application of a double-step procedure (involving the inltration of the TiO 2 mesoporous layer with PbI 2 and subsequent in situ conversion to CH 3 NH 3 PbI 3 ) has resulted in a record PCE of 15%. 26 In addition to impressive efficiencies, an attractive feature of these classes of materials is the facile band-gap tunability, achievable through appropriate halide substitutions, resulting in an array of translucent colours. The mixed halide perovskite has been proposed to be more chemically stable than pure CH 3 NH 3 PbI 3 , which decomposes to PbI 2 under humid conditions. 4, 26 Typically, the perovskite structure consists of a threedimensional network of corner-corner connected MX 6 octahedra, where the M (metal) cation is located at the centre of the octahedra and X (Cl, Br, I) lies in the corners around M. Computational calculations for mixed perovskite systems show the existence of two different types of structures with different electronic properties whose relative stability varies by varying the contribution of 'X' as well as their position in octahedra (X ¼ Cl, Br, I). 27 In the case of mixed halide perovskites, for instance, in MI 4 X 2 (X ¼ Cl or Br) octahedra, Cl atoms preferentially occupy the apical positions, while Br atoms may occupy apical sites as well as equatorial positions. However, this would imply that mixed anion perovskites adopt a noncubic symmetry. The variation in the composition of the halides in the lead perovskites modulates their optical properties, which directly inuences the light harvesting capability of the photoanode and thus the short-circuit photocurrent density of the devices. 27 In the previous report on band-gap tunable mixed halide perovskites for solar cell applications, the perovskite lms were prepared using a single step deposition process.
26 Here, we demonstrate the adaptation of a sequential deposition process to enable band-gap tuning of a mixed halide perovskite sensitizer. A lm of lead iodide (PbI 2 ) was rst deposited onto a mesoporous (mp)-TiO 2 /bl-TiO 2 /FTO substrate using spin-coating. The spin-coated lms were subsequently annealed and aer cooling were dipped into mixed methyl ammonium iodide (MAI)/methyl ammonium bromide (MABr) (v/v) solutions in isopropanol (subsequent molar concentrations were calculated) to form the mixed perovskites. Detailed characterization of the perovskite lms was carried out using optical absorption spectroscopy, X-ray diffraction (XRD) and eld emission scanning electron microscopy (FE-SEM). The photovoltaic device performances of the mixed halide perovskite systems were characterized in detail indicating that high efficiency is possible by optimizing fabrication parameters.
Results and discussion
In the sequential deposition process, two different approaches can be used to tune the band-gap of the mixed halide perovskites: xing the molar ratio of the mixed halide (i.e. MAI : MABr) solution while varying the dipping time of the PbI 2 lm, and varying the molar ratios of the mixed halide solutions whilst dipping the PbI 2 lms for a constant time period. In the rst approach, the dipping time of the PbI 2 lms in the mixture of MAI & MABr was varied from 30 s to 20 minutes. Ex situ UV measurements for various dipping times were carried out to estimate the band gap of the lms. The estimated band-gap for the standard MAPbI 3 perovskite lms (formed by dipping the PbI 2 lm only in pure MAI solution) was noted to be invariant with respect to the dipping time with an observed band-gap of 1.56 eV consistent with earlier reports (ESI Fig. S1 Thus a systematic band-gap shi to the wider band-gap region is observed with respect to the dipping time in the pure bromide precursor indicating that band-gap tuning is possible by controlling the composition of the halide precursor and varying the dipping time interval of the metal halide lm in the precursor solution. In addition, as per optical absorption measurements, it is also noted that the 15-20 minute dipping time interval is needed for complete transformation of perovskite to a stable composition.
In order to evaluate the effect of the concentration, the PbI 2 lms were dipped at a xed time interval i.e. $20 minutes into various molar compositions of the halide precursor solutions. For ease of experimentation, the solutions were prepared by varying the volume ratio of MAI and MABr for a known concentration. The UV-Vis absorption spectra of MAPb(I 1Àx Br x ) 3 (0 # x # 1) perovskite lms on mp-TiO 2 /bl-TiO 2 /FTO substrates are shown in Fig. 1 , where 'x' indicates the amount of MABr (in mole) in the mixture of MAI and MABr solution. The onset of the absorption band is observed to shi to the lower wavelength region with increasing MABr content in the mixed solvent i.e. from 794 nm (1.57 eV) for pure iodide based perovskites to 556 nm (2.23 eV) for the bromide rich mixed halide perovskites. As a result, the colour of the MAPbI 3 perovskite lms was observed to change from dark brown/black to red to orange (Fig. 1, inset photographs (1 to 7)) with increasing bromide content. The band-gaps extracted from the optical absorption measurements are listed in Table 1 where E g is the band gap of the perovskite in eV and x is the amount of Br relative to the amount of I.
26 It is to be noted that the estimated halide composition in the perovskite lm is different from the initial MAI and MABr precursor composition, which is probably due to the additional contribution of iodide from the lead iodide precursor. X-ray diffraction patterns shown in Fig. 2 provide further conrmation that the sequential deposition process is successful in producing mixed Br/I perovskites, and Pawley ts of the diffraction data conrmed that the lattice parameters varied appropriately when the smaller Br À (IR ¼ 1.96Å) ion substitutes the I À ion (IR ¼ 2.2Å) (see Fig. 2a and b) . The (004) 
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This latter effect is currently under further investigation via the preparation and the study of the single crystal mixed-anion perovskites, and will be reported elsewhere. The crystallite sizes of the perovskite phases were estimated using the Scherrer equation, and indicated that the perovskite component of the thin lms had crystallite sizes of approximately 20-30 nm. Table 2 illustrates the photovoltaic characteristic parameters for perovskite devices prepared by dipping PbI 2 /mp-TiO 2 /blTiO 2 /FTO substrates in the mixture of MAI : MABr in various molar ratios for a 20 minute time interval. The corresponding normalized IPCE data are shown in Fig. 3 . The obtained efficiencies for devices fabricated with MAPbI 3 and MAPb(I 0.05 Br 0.95 ) 3 were 12.04% and 1.58%, respectively. The characteristic I-V curves are shown in the ESI (Fig. S3 †) . Although these values are lower than previous reports, optimization of the device fabrication conditions (for e.g., increasing the TiO 2 thickness or the PbI 2 loading for perovskites with low optical absorption coefficients) was not performed as it is not the focus of the present work. A reduction in the J sc is noted with increasing Br content in the perovskite lms, due to the increased band gap which results in the blue-shi of the absorption onset. It has been reported that the charge transport and recombination behavior of MAPb(I 1Àx Br x ) 3 were greatly changed near x ¼ 0.58 in MAPb(I 1Àx Br x ) 3 , although the MAPb(I 1Àx Br x ) 3 compound was uniformly formed in the entire range. Fig. 3 The normalised IPCE spectra of the mixed lead halide perovskite devices. The numbers 1 to 7 represent the composition of the mixed halide as represented in Table 2 . (Fig. S4 †) . The lm formed with an MAPbI 3 composition shows uniform perovskite formation with a thickness of approximately 180 nm. In the mixed halide perovskite lms, the increasing Br content results in crystallites with alternative faceting, which reects the change in crystal structure from tetragonal to cubic symmetry. The length of crystals varies (220-320 nm) with the Br content in the perovskite lm, resulting in nanorod like morphological features. Such crystal growth is observed for perovskite lms with bromide contribution >40%. The reduction in the solar cell efficiencies with increasing bromide concentration may also be attributable to such rough morphologies which result in poor coverage by the hole transport layer. The process parameters such as perovskite formation time and hole transport material concentration/deposition conditions (due to different morphological features) need to be optimised to achieve an improved device performance.
Conclusions
Band-gap tuning of perovskite lms has been demonstrated by means of a sequential deposition method. The PbI 2 lm dipping time in halide precursors as well as the concentration of halide precursors is noted to play a crucial role in determining the composition and thus the band-gap of mixed halide perovskites. The incident photon to current efficiency (IPCE) clearly shows the systematic shis towards lower wavelengths with increasing Br content in the perovskite lms, in agreement with optical absorption measurements. The modulation of the bandgap is accompanied by morphological evolution as well.
